Background In Chiari malformation type 1 (CMI), the obstruction of cerebrospinal fluid (CSF) flow through the foramen magnum is believed to cause alterations of intracranial pressure (ICP) pulsations. Foramen magnum decompression (FMD) is therefore considered a treatment of choice. However, the pathophysiology of CMI is poorly understood and it remains unknown how ICP alterations relate to symptoms and radiological findings. This study was undertaken to measure pulsatile pressure and its gradient between intracranial and lumbar compartments, and to determine its relationship to clinical and radiological findings. Method In patients with symptomatic CMI, we simultaneously measured ICP and lumbar CSF pressure, with particular focus on analysis of pulsatile pressure. Ventricular CSF volume (VV), intracranial volume (ICV) and posterior cranial fossa volume (PCFV) were calculated using volumetry software. Results In 26 patients (median 35 years), we found clearly abnormal or borderline values of pulsatile ICP in 18/26 patients (69 %; median 4.5 mmHg) and abnormal pulsatile pressure gradient in 17/24 patients (71 %; median 2.6 mmHg). The correlation between pulsatile ICP and the pulsatile pressure gradient was significantly positive (p<0.001). We found no significant correlation between pulsatile or static pressure and extent of tonsillar ectopy, VV, ICVor PCFV. The pulsatile pressure gradient was significantly higher in patients with syringomyelia (p=0.02). Conclusions In this cohort, the pulsatile ICP was elevated in 69 %. The intracranial-lumbar pulsatile pressure gradient was abnormal in 71 % and significantly higher in patients with syringomyelia. The elevated pulsatile ICP significantly correlated with pulsatile pressure gradient; no similar correlation was found for static ICP. We interpret the results as providing evidence of impaired intracranial compliance as an important pathophysiological mechanism in CMI.
Introduction
Chiari malformation type 1 (CMI) is characterised by downward ectopy of cerebellar tonsils, obliteration of the cerebrospinal fluid (CSF) space at the level of the foramen magnum, syringomyelia and a varying degree of cranial base dysplasia [31] . The typical symptoms include occipital headache, neck pain, as well as brainstem, lower cranial nerves and medullary symptoms, with a broad clinical variation. The estimated prevalence of CMI, whether symptomatic or not, in patients undergoing magnetic resonance imaging (MRI) is under 1 % [30, 33, 42] and as much as 3.6 % in children, respectively [39] .
Established treatment is based on an anatomical concept that obstruction of CSF flow through the foramen magnum due to ectopic cerebellar tonsils is the primary pathological event. Foramen magnum decompression (FMD) is therefore considered a treatment of choice, with favourable long-term results [25, 40] . However, some patients do not improve clinically after surgery and continue to develop increasing syringomyelia or suffer from persistent postoperative CSF leakage, issues that-by clinical experience-often are solved by CSF diversional procedures (i.e. shunting), often despite no preoperative radiological evidence of hydrocephalus.
The underlying pathophysiology of CMI is poorly understood. One important hypothesis is that tonsillar herniation causes CSF flow obstruction that induces a gradient in intracranial pressure (ICP), particularly pulsatile ICP. Evidence has been obtained from simulation studies and CSF flow measurement using MRI technology [23, 29, 43] . Moreover, alterations in pulsatile ICP may be an important factor for development of syringomyelia, still the least understood pathological event in CMI [20] . However, a direct measurement of pulsatile ICP across the point of tonsillar herniation has previously not been performed. A crucial question is whether alterations in pulsatile ICP, indicative of impaired intracranial compliance, play any role in pathophysiology of CMI and how they relate to clinical and radiological findings.
Only a few studies [21, 45] have specifically investigated the pressure gradient between intracranial and spinal CSF compartments, and none of them have analysed parameters of pulsatile pressure, which appears to be a more reliable indicator of intracranial compliance [9, 11, 12, 14] .
On this background, we designed a prospective observational study for simultaneous measurement of the pulsatile pressure within both the cranial and lumbar compartments in patients with CMI. Our hypothesis was that CMI patients present with altered pulsatile ICP and significant pulsatile pressure gradient between these two compartments, and that the pressure parameters in some way relate to clinical and radiological findings.
Methods and materials

Patients and ethical approval
The study was approved by The Regional Committee for Medical and Health Research Ethics (REK) of Health Region South-East, Norway (ref. no. 2010/3255). A prospective and observational study design was used. The study enrolled adult patients (>18 years old) with newly diagnosed symptomatic CMI, referred to treatment at our department during the study period. The patients were offered participation in the study as a part of diagnostic work-up. Written informed consent was obtained.
Clinical assessment
The symptomatology in patients with Chiari malformation may be complex. For the sake of simplicity, the symptoms were therefore categorised as follows: category A-symptoms presumably related to altered ICP dynamics, i.e. headache other than migraine or tension headache, dizziness, nausea, vomiting, visual disturbances/phenomena; category Bsymptoms from local compression/tension of lower cranial nerves, i.e. tinnitus, dysphagia, dysarthria, palpitation; category C-symptoms from compression of long neural tracts, either due to compression of medulla oblongata at the level of foramen magnum or due to syringomyelia.
Radiological assessment of cerebellar ectopy and intracranial volumes
All patients underwent both cranial and spinal 1.5-or 3.0-T MRI, including sagittal phase-contrast MRI at the level of the craniocervical junction for qualitative assessment of CSF flow.
The extent of caudal ectopy of cerebellar tonsils under the level of the foramen magnum was defined by distance (millimetres) of caudal tonsillar tip on a line perpendicular to a line between the basion and opisthion (i.e. foramen magnum or McRae's line) on sagittal MR image (Fig. 1a) . As none of the patients had ventriculomegaly by morphometric measures (e.g. Evan's ratio more than 0.3), we performed measurement of ventricular CSF volume (VV) from patients' T2-weighted MRI scans using iPlan® volumetry software incorporated in neuronavigation tool (Brainlab, Feldkirchen, Germany) with manually adjusted automatic delineation, in order to achieve maximal precision (Fig. 1b) . We calculated total intracranial volume (ICV; Fig. 1c ) as well as volume of posterior cranial fossa (PCFV; Fig. 1d ) by the same technique. The presence of syringomyelia as well as of associated anomalies of craniocervical junction and/or spine was noted.
Measurements of pulsatile and static pressures from the cranial and lumbar compartments
In local anaesthesia and through a cranial burr hole placed in front of the coronar suture, typically on the right side, the ICP sensor (MicroSensor®; Codman, Johnson & Johnson, Raynham, MA, USA) was placed 1-2 cm into the brain parenchyma. In the same session and with the patient in the lateral position, a standard lumbar spinal puncture was then performed, taking care that minimum possible amount of the CSF was tapped, not to influence the pressure measurement. An intrathecal catheter was left in place; both ICP sensor and spinal catheter were calibrated in a standard manner and connected to the transducer upon patient's return to the ward.
The simultaneous monitoring of intracranial and lumbar pressure continued overnight, typically lasting 16-24 hours. Recording was then terminated the following day and both ICP sensor and lumbar catheter were withdrawn.
Analysis of pressure measurements
The continuous ICP waveforms were sampled at 100-200 Hz and stored on a hospital server. The automatic algorithm for ICP analysis was incorporated in the software (Sensometrics Software; dPCom, Oslo, Norway). This algorithm identifies the heartbeat-induced single-pressure waves in the continuous ICP waveform as well as the artificial pressure waves not caused by the heartbeats. Each ICP wave is characterised by the amplitude (pulse amplitude dP [pressure difference between diastolic minimum pressure and systolic maximum pressure]), rise time (dT [time interval from beginning For comparison of pressure scores between individuals, we selected a standardised recording time from 11 p.m. to 7 a.m.
In order to compare pressures scores from the cranial and lumbar compartments, we exclusively compared 6-s time windows wherein both the ICP and lumbar signals were accepted, and of good quality (Fig. 2) . 
Definitions of tentative abnormal pulsatile and static pressures
We tentatively defined abnormal pulsatile ICP as average mean ICP wave amplitude (MWA)>4 mmHg combined with a MWA>5 mmHg in more than 10 % of the recording time. Average MWA of 4-5 mmHg was considered borderline. The validity of these values was demonstrated in previous studies [12, 14] . Abnormal static ICP was defined as mean ICP>15 mmHg and borderline as mean ICP 10-15 mmHg. We did not define thresholds for abnormal static and pulsatile pressure in the lumbar compartment, i.e. the lumbar pressure (LP).
We tentatively defined abnormal pulsatile pressure gradients as MWA ICP -MWA LP >2 mmHg, based on previous finding that the lumbar CSF pulse pressure amplitudes are about 2 mmHg below the intracranial pulse pressure amplitudes, a fact that reflects differences in compliance between the lumbar CSF and intracranial compartments [10] . We did not define thresholds for abnormal static pressure gradients.
Treatment
Decision-making regarding the method of surgical treatment followed ordinary institutional routine. FMD was a treatment of choice in most CMI patients; however, in patients with significant alterations of ICP parameters, we usually recommended CSF diversion (i.e. ventriculoperitoneal shunt) as primary treatment, irrespective of radiological evidence of hydrocephalus. FMD in such cases was then performed secondarily at a later point of time. FMD included laminectomy C1, craniotomy approximately 1.5 cm above the level of opisthion, subarachnoid dissection of cerebellar tonsils and always a duraplasty using an artificial dura substitute. We did not routinely perform coagulation of cerebellar tonsils.
Statistics
Statistical analyses were performed using the Statistical Package for Social Sciences (SPSS™) software (version 20.0 for Windows; SPSS, Chicago, IL, USA).
Results
During the study period between May 2011 and December 2013, 26 consecutive patients were enrolled in the study: 15 women and 11 men, median age 35 years (range 22-72 years). Table 2 summarises the quantitative radiological data on degree of ectopy of cerebellar tonsils below the foramen magnum line, VV, ICV and PCFV. Syringomyelia was present in 12/26 patients (46 %). Except for one patient with light dorsal inclination of dens C2, no associated abnormality of craniocervical junction was observed in any of the patients.
Clinical symptoms
Radiological findings
There was no significant association between extent of tonsillar herniation and VV, ICV or PCFV. Moreover, these volumes were not significantly different between patients with and without evidence of syringomyelia.
Clinical symptoms versus radiological findings
The volume of the posterior fossa was significantly smaller in those 5/26 patients complaining of nausea (200±22 ml vs 176 ml±18 ml; p=0.03). Except for this, we found no significant differences in extent of tonsillar herniation, VV, ICV or PCFV between patients with or without other symptoms/ findings of categories A (headache, dizziness, visual disturbances), B or C (statistical data not shown).
Pressure recordings
There were no serious complications to pressure monitoring. Nevertheless, we experienced one case of small venous brain infarction at the insertion site of ICP sensor; this presented with solitary epileptic seizure, but the patient recovered completely without any clinical sequelae. Two other patients developed spinal headache after lumbar puncture; both recovered successfully after blood-patch.
The pulsatile and static ICP scores are presented in Table 3 . Pulsatile ICP (mean ICP wave amplitude, MWA) was elevated in 69.2 % of patients: abnormal in 16/26 (61.5 %) patients and borderline in additional 2/26 (7.7 %). On the other hand, static ICP (mean ICP) was not abnormal in any and borderline in only 3/26 (11.5 %) patients (Table 3) .
The comparison of pressure parameters from the cranial and lumbar compartments revealed a gradient in both pulsatile and static pressures (Table 4) . These data are available from only 24 patients as the quality of signal from lumbar measurement was too poor in two patients. Median gradient in mean ICP wave amplitude (hereafter pulsatile pressure gradient, MWA ICP -MWA LP ) was 2.6 mmHg (range from -0.04 to 6.9 mmHg) and abnormal (i.e. >2 mmHg) in 17/24 patients (71 %). Median gradient in mean ICP (hereafter static pressure gradient, mean ICP -mean LP) was -7.95 mmHg (range from -27.7 to 3.5 mmHg), respectively, meaning that the static pressure tended to be higher in the lumbar compared to intracranial compartment, while pulsatile pressure was usually higher intracranially.
When comparing the pressure scores of overnight monitoring (Table 3) with differences (i.e. the gradient) between ICP and lumbar CSF pressure scores (Table 4) , we found a highly significant positive correlation (p<0.001) between pulsatile pressure scores (Fig. 3a) , but no significant correlation between static pressure scores (Fig. 3b) .
Clinical symptoms versus pressure parameters
Neither the pulsatile/static ICP parameters nor intracraniallumbar pulsatile/static pressure gradients differed significantly Outcome noticed only for patients with completed treatment and follow-up>6 months between patients with or without symptoms/findings of categories A (headache, nausea, dizziness, visual disturbances), B (lower cranial nerves), or C (motor/sensory) symptoms (statistical data not shown).
Radiological findings versus pressure parameters
The pulsatile pressure gradient between intracranial and lumbar compartments was significantly higher in those 12/26 (46 %) patients with evidence of syringomyelia than in those without (3.7 ± 2.0 mmHg vs 2.1 ± 1.3 mmHg; p= 0.02; Fig. 4a ), while the difference in static pressure gradient was not significantly different between the two patient groups (Fig. 4b) . As summarised in Table 5 , we found no significant statistical correlation between parameters of pulsatile/static pressure and extent of tonsillar ectopy, VV, ICV and PCFV, as well as ventricular volume index (i.e. VV/ICV) and posterior cranial fossa volume index (PCFV/ICV), respectively.
Outcome
Neither the details of the treatment nor the clinical outcome were the primary focus of this paper. However, after a median follow-up of 17 months (range 8-38 months), we noticed clinical improvement in 18 of 19 patients (94.7 %) with already completed treatment and at least a 6-month follow-up. There was no mortality or significant morbidity related to treatment of the patients from present study. 
Discussion
The main observations from this study were elevated ICP wave amplitudes, indicative of impaired intracranial compliance, in more than two-thirds (69 %) of patients with CMI. Moreover, elevated ICP wave amplitudes were accompanied by significantly greater gradient in pulse pressure amplitudes between intracranial and lumbar compartments. The pulsatile pressure gradient, which was abnormal in 71 % of patients, was significantly higher in patients with syringomyelia.
Cohort of CMI patients
The present cohort of CMI patients was representative for the diagnosis in terms of age and distribution of symptoms. There was little comorbidity that would influence results from pressure recording, although in at least two patients, we could clinically suspect a possible coincidence with idiopathic intracranial hypertension. Few other studies have reported on the relationship between these two entities [5] , both from a clinical [15, 17, 38] and a radiological [1, 4] point of view, including some case reports where the elevated (static) ICP was documented [27, 37] .
Diagnosis of abnormal static and pulsatile ICP
Since the precise determination of static and pulsatile ICP still requires an invasive procedure, the normal pressure values from healthy individuals cannot be determined and abnormal values must be assessed indirectly. According to established knowledge, the static (mean) ICP should be <15-20 mmHg [7] . For abnormalities in pulsatile ICP, however, the literature is scarce. Based on previous studies from our department, we consider MWA on average higher than 4 mmHg, and higher than 5 mmHg in at least 10 % of recording time, as indicative of significantly raised pulsatile ICP [14] . In this cohort, the median value of MWA during overnight monitoring was 4.5 mmHg, with values higher than 5 mmHg in a median 26 % of recording time. From our previous experience, we therefore interpret these observations as indicative of clearly impaired intracranial compliance in two-thirds of our present cohort of CMI patients. Whether pulsatile ICP is elevated in two-thirds of the entire population of CMI patients, remains to be determined. The pulsatile pressure is indicative of the pressurevolume reserve capacity, i.e. the intracranial compliance. In experimental studies, increased ICP wave amplitude is accompanied with impaired intracranial compliance [19] . In a previous report, we showed that levels of MWA seen in the present study were accompanied by impaired intracranial compliance, as evaluated by the Spiegelberg compliance monitor [13] .
It should be stressed that the algorithm of pulsatile pressure analysis used in present study allows observations independent on body position or physiological manoeuvres, which in our view is one of its major advantages compared to studies based on analysis of static pressure [21, 22, 36, 45] .
Clinical symptoms versus static and pulsatile ICP
We found it interesting that presence or absence of headache, which often is a dominating symptom in patients with CMI, was not associated with elevated pressure parameters and vice versa. In fact, 6/13 patients (46 %) with clearly abnormal pulsatile ICP experienced only light or no headache at all, compared to only 2/13 patients (15.4 %) with light or no headache among those with normal/borderline pulsatile pressure. Our interpretation is that symptoms alone cannot indicate impaired intracranial compliance.
Radiological findings versus static and pulsatile ICP
As we show in this study, neither morphometric extent of tonsillar ectopy, posterior cranial fossa volume (alone or related to total intracranial volume) nor ventricular CSF volume (alone or related to total intracranial volume) were significant predictors of abnormal static or pulsatile ICP. This relation has not been studied previously.
The method of volume measurements as performed in present study may be questioned. The use of volumetric, MRI-based software incorporated into neuronavigation tool is common in neurosurgical practice, but has not been validated against other methods. However, in comparison with Cavalieri method [41] , formulae calculating volumes from morphometric analyses [16] or even morphometric analyses alone [2, 8, 32] , we consider our method as giving quite precise estimation of intracranial volumes. It has been recently documented that measurements of posterior cranial fossa volumes by use of the automated method and with manual delineation, respectively, can give very similar results [3] and that there is a high correlation between estimation of total intracranial volume manually and by statistical parametric mapping [28] .
When reviewing the literature on CMI, most authors consider CMI to be primarily a matter of anatomical variation in the posterior cranial fossa and craniocervical junction. The fundamental problem in CMI is believed to be a small posterior cranial fossa [2, 8, 31, 32, 41] . If this were the case, there should be an obvious correlation between severity of radiological findings (i.e. the extent of tonsillar ectopy and syringomyelia, reduced volume of posterior cranial fossa and decreased ratio between ventricular and intracranial volumes) and pressure parameters, particularly the pressure gradient. However, we found no such association in this present study. We rather suggest that CMI is one manifestation of abnormal intracranial pressure-volume reserve capacity, which also would explain an as much as eightfold increase in the incidence of significant tonsillar herniation in patients with idiopathic intracranial hypertension [5] . However, this theory would need verification by further studies.
In this context, it is noteworthy that already the patients described in classical work of Chiari in 1891 were found to have hydrocephalus [6] and that several early authors marked a beneficiary effect of CSF diversion (i.e. shunting) on syringomyelia and particularly its safety when hydrocephalus was present [26, 44] .
Static and pulsatile pressure gradients in CMI
To our knowledge, this is the first study exploring the pulsatile pressure and its gradient between intracranial and spinal (lumbar) CSF compartments in CMI patients. Similar previous studies have exclusively explored the static ICP [35, 36] . Simultaneous pressure recording from intracranial or spinal compartments in patients with CMI has been performed in only few studies. While Williams [45] was the first to demonstrate established dissociation of pressure between the intracranial and spinal compartments, characteristic of severe pathology such as space-occupying lesions in the posterior cranial fossa or Chiari malformation, Häckel et al. [21] found a Bpressure block^(i.e. CSF flow obstruction) in 8/9 patients with syringomyelia compared to 3/16 of those without. The latter finding is consistent with our own, but we found it significant only in the case of pulsatile pressure. The water-hammer theory of Gardner and Angel [18] as well as the craniospinal dissociation theory of Williams [45] were later challenged by studies of Oldfield et al. [34] and Heiss et al. [22] who found less significant pressure difference between intracranial and spinal compartments and suggested their own piston theory of pathophysiology of syringomyelia. In search of complex understanding of pathogenesis of both formation and progression of syringomyelia in CMI, Greitz [20] suggested the intramedullary pulse pressure theory and Klekamp [24] introduced his own pathophysiological concept suggesting syringomyelia as a state of chronic interstitial oedema of the spinal cord resulting from an accumulation of extracellular fluid. As mentioned, the pulsatile pressure gradient was significantly higher in those of our CMI patients with syringomyelia than in those without. This finding may support the hypothesis that pulsatile pressure gradient is a driving force for syringomyelia formation [20] .
Conclusions
In this cohort of patients with CMI, the pulsatile ICP, indicative of impaired intracranial compliance, was abnormal in 69 % of cases, irrespective of radiological findings relevant for the diagnosis. The pulsatile pressure gradient between the intracranial and lumbar compartments was abnormal in 71 % of patients, with significantly higher gradient in patients with syringomyelia. The elevated pulsatile ICP significantly correlated with the pulsatile pressure gradient. No similar correlation was found for static ICP. We interpret the results as providing evidence of impaired intracranial compliance as an important pathophysiological mechanism in this condition. 
